Introduction
Castration-resistant prostate cancer (CRPC) presents a major challenge in the clinical management of advanced prostate cancer. As most forms of CRPC are still dependent on the androgen receptor (AR) for survival, the advent of new, powerful secondgeneration AR antagonists, such as enzalutamide, has been beneficial for patients with metastatic CRPC (1) . Enzalutamide significantly improves patient survival and has been approved for treating CRPC in post-docetaxel (2012) and pre-docetaxel settings (2014). However, treatment with enzalutamide is not curative, and enzalutamide resistance in the clinic has been noted (1, 2) . One fourth of patients showed primary resistance to enzalutamide (i.e., the presence of enzalutamide resistance in patients who never had been exposed to the drug) and progressed in 3 months, whereas all the remaining patients eventually progressed by 24 months in spite of an initial positive response (3, 4) . Major mechanisms of acquired resistance to such AR inhibitors have been reported, including restored AR signaling, AR bypass signaling, and complete AR independence (5) . However, other mechanisms that are not directly related to AR signaling, such as blockage of apoptosis, could also contribute to resistance of prostate cancers to increasingly powerful AR inhibitors. So far, not much attention has been given to this possibility.
The inhibitors of apoptosis proteins (IAP) are a family of proteins that serve as endogenous inhibitors of programmed cell death by regulating the activity of caspases, the executors of apoptosis. The IAP family is characterized by the presence of baculovirus IAP repeat (BIR) domains, which bind and inhibit caspases. There are eight IAP members, namely BIRC1 (NAIP), BIRC2 (cIAP1), BIRC3 (cIAP2), BIRC4 (XIAP), BIRC5 (survivin), BIRC6 (Apollon/BRUCE), BIRC7 (ML-IAP/LIVIN), and BIRC8 (ILP-2). Some IAPs, such as cIAP1/2, XIAP, and survivin, are well known to enhance survival and treatment resistance of various types of cancer (6) . However, to date, no studies have reported a role for the IAP family in enzalutamide resistance of CRPC.
There is increasing evidence that BIRC6, a lesser studied member of the IAP family, is also involved in promoting treatment resistance of a variety of cancers. BIRC6 is a large protein (528 kDa) with pleiotropic functions, including inhibition of apoptosis, cytoprotection and regulation of cytokinesis (7) , and mitosis (8) . Its activity is upregulated in many cancers, including prostate cancer, particularly CRPC (9) , associated with poor patient prognosis (10) (11) (12) (13) (14) , and shown to enhance chemoresistance (12, 13, (15) (16) (17) (18) (19) . In a previous study, we developed an antisense oligonucleotide (ASO), , that specifically targets synthesis of BIRC6 and to a lesser extent cIAP1 (BIRC2), another IAP family member that is upregulated in prostate cancer (19) . BIRC6 targeting by ASO-6w2 was found to markedly inhibit the proliferation of CRPC cells in vitro and in vivo through the induction of cell-cycle arrest, apoptosis, and suppression of NFkB signaling (19) . The results suggest that BIRC6 plays an important role in promoting survival of castration-resistant malignancies.
Development of effective prostate cancer therapeutics has been hampered by a lack of clinically relevant experimental models of the disease. Traditional xenograft models based on human prostate cancer cell lines lack the tumor heterogeneity and the 3-dimensional architecture of the original cancer specimens from which the cell lines were derived. To overcome these deficiencies, we developed transplantable patient-derived xenograft (PDX) lines of prostate cancer tissues at the Living Tumor Laboratory (LTL; www.livingtumorlab.com). These PDX lines, developed via implantation of patients' cancer tissue specimens into NOD/SCID mice at the well-vascularized subrenal capsule graft site, retain the tumor heterogeneity and molecular characteristics of the original cancers. As such, these "high fidelity" PDXs represent highly accurate preclinical model systems for therapeutic target identification and drug efficacy testing (20, 21) .
In the current study, we established that the transplantable patient-derived CRPC tissue xenograft line, LTL-313BR (21) , is enzalutamide resistant and provides, together with its enzalutamide-sensitive, hormone-na€ ve parent line, LTL-313B, a novel in vivo model for studying the development of enzalutamideresistant CRPC, as well as a role of IAPs in that process. Using the LTL-313B/LTL-313BR xenograft model and xenografts based on cultured, enzalutamide-sensitive, and enzalutamide-resistant prostate cancer cell lines, we found that of the IAP family, BIRC6 was the top upregulated IAP member in both enzalutamideresistant systems. We then investigated whether BIRC6 has a prosurvival role in enzalutamide-resistant cells and provides a potential target for therapy of enzalutamide-resistant CRPC.
Materials and Methods

Materials
Chemicals, solvents, and solutions were obtained from SigmaAldrich, unless otherwise indicated. Six-to 8-week-old NOD/ SCID IL2 receptor gamma chain null (NSG) mice were bred by the BC Cancer Research Centre Animal Resource Centre, Vancouver, Canada. ASOs 6w2 and scramble control (Scrb) with full phosphorothioate-modified backbone were purchased from Eurofins MWG Operon. ASO-6w2 has perfect complementary matches to BIRC6 mRNA sections and contains 1 base mismatch to BIRC2 (cIAP1) mRNA. The DNA sequences of ASO-6w2 and Scrb have been reported (22) . Anti-BIRC6 (NB110-40730, Novus Biologicals) was used for immunohistochemical staining and Western blotting. Anti-cleaved caspase-3 (#9664; Cell Signaling Technology) was used for immunohistochemical staining.
IHC
Staining and scoring of BIRC6 protein was performed as previously reported (22) . For cleaved caspase-3 staining, images of 3 to 5 representative fields at Â400 magnification were taken per tumor and cells counted to determine the number of positively stained cells per field.
Cell culture
Human enzalutamide-sensitive, castration-resistant LNCaP-V16D prostate cancer cells and enzalutamide-resistant, castration-resistant MR49F and MR42D prostate cancer cells (obtained from Dr. Amina Zoubeidi, Vancouver Prostate Centre, Vancouver, Canada) were maintained in RPMI1640/5% FBS medium, supplemented with 10 mmol/L enzalutamide for the enzalutamideresistant cells. MR49F cells were authenticated using short tandem repeat profile analysis at the Genetics Resources Core Facility at John Hopkins (Baltimore, MD; ref. 23 ). V16D and MR42D cells were authenticated by whole-genome and whole-transcriptome sequencing (Illumina Genome Analyzer IIx, 2012; ref. 24) .
Western blotting
Western blotting of BIRC6 and actin was performed as described previously (22) .
Xenografts
The transplantable, hormone-na€ ve, patient-derived prostate cancer tissue xenograft line, LTL-313B, was maintained in male NSG mice, using serial subrenal capsule transplantations as described previously (21, 25) . Its castration-resistant subline, LTL-313BR, was maintained in castrated mice. The LTL-313BR line was derived from the hormone-na€ ve LTL-313B line by castration of LTL-313B tumor-bearing NSG mice and propagation of tumors recurring after relapse of the LTL-313B tumors (Fig. 1) . The LTL-313BR line is AR positive, PSA positive, has a PTEN copy deletion, and contains the TMPRSS2-ERG fusion (21) . The original cancer specimen had been obtained with the patient's signed consent following a protocol approved by the Clinical Research Ethics Board of the University of British Columbia and the BC
Translational Relevance
Enzalutamide, a second-generation androgen receptor antagonist, is used in first-line therapy of metastatic, castration-resistant prostate cancer (CRPC). However, resistance to enzalutamide quickly emerges in patients in the form of primary or acquired resistance. Whereas research on therapy resistance of CRPCs has primarily focused on the AR pathway, there is limited information on antiapoptotic mechanisms that may underlie their treatment resistance. Here, we investigated a role for the inhibitor of apoptosis proteins (IAP) family in enzalutamide resistance. We found that the IAP, BIRC6, has a key role in the survival of CRPCs with primary or acquired enzalutamide resistance. Using a high-fidelity, enzalutamide-resistant, patient-derived CRPC tissue xenograft model, we showed that a BIRC6-targeting antisense oligonucleotide (ASO-6w2) effectively suppressed enzalutamideresistant CRPC growth without inducing major host toxicity. These results provide a rationale for BIRC6 targeting in therapy of patients with enzalutamide-resistant CRPC.
Cancer Agency (21) . Cell line-based xenografts V16D (enzalutamide-sensitive CRPC), MR42D, and MR49F (enzalutamide-resistant CRPC) were generated and maintained as described previously (24, 26) .
Treatments with enzalutamide and ASOs Treatment with enzalutamide. Mice bearing subrenal capsulegrafted LTL-313B or LTL-313BR tissues were randomized for treatment when the volumes of the grafts reached approximately 250 mm 3 . Mice were treated with enzalutamide (10 mg/kg) or vehicle for 4 weeks (n ¼ 10; 5 days on and 2 days off). Tumor volumes were measured at the end of the treatments.
Treatments with ASOs. Mice bearing LTL-313BR tumors were randomized into Scrb or ASO-6w2 groups (n ¼ 30) for a 21-day treatment. A 30 mg/kg loading dose on day 1 was followed by a daily maintenance intraperitoneal dose of 15 mg/kg. Tumors were harvested 1 week after the end of the treatment for immunohistochemical analysis or RNA extraction. Serum PSA levels were determined using a Cobas Total-PSA Kit and Cobas e411 Analyzer (Roche Diagnostics).
RNA extraction and qRT-PCR
Total RNA was isolated and qRT-PCR was performed as described previously (27) . The primer sequences used are presented in Supplementary Table S1. All qRT-PCR primers are human specific and do not crossreact with mouse transcripts as confirmed by NCBI BLAST search.
Gene expression profiling and RNA sequencing
Gene expression profiling of Scrb-and ASO-6w2-treated LTL-313BR xenografts was performed using four replicates. The quality of the RNA samples was checked with the Agilent 2100 Bioanalyzer and NanoDrop ND-2000 UV-VIS spectrophotometer. Only samples with A260/280 optical density (OD) values between 1.8 and 2.0, an A260/A230 OD value of 2.0, and RNA Integrity Number (RIN) !8.0 were used for one-color labeling using Agilent's One-Colour Microarray-Based Gene Expression Analysis Low Input Quick Amp Labelling v6.0 (Agilent Technologies). Total RNA (100 ng) was used to generate cyanine-3-labeled cRNA. cRNAs were hybridized on Agilent SurePrint G3 Human GE 8 Â 60K Microarray (AMDID 028004). Arrays were scanned with an Agilent DNA Microarray Scanner at a 3-mm scan resolution, and data were processed with Agilent Feature Extraction 11.0.1.1. Processed signals were quantile normalized using Agilent GeneSpring 12.0. The data have been deposited in NCBI's Gene Expression Omnibus (GEO; ref. 28) and are accessible through GEO Series accession number GSE77516 (http://www. ncbi.nlm.nih.gov/geo/query/acc.cgi?acc¼GSE77516). Transcriptome sequencing [RNA sequencing (RNA-seq)] of PDX models (LTL-313B and LTL-313BR) and cell line-based xenograft models (V16D, MR42D, and MR49F) was performed as described previously (21, 23) .
Pathway enrichment analysis
Top 1,000 significantly differentially expressed genes with log2 fold change >1.5, identified in gene expression profiling of ASO-6w2-treated (n ¼ 4) versus Scrb-treated xenografts (n ¼ 4), were analyzed for gene set enrichment against gene sets of pathways present in the Molecular Signature Database (MSigDB) v5.0 (29) . A Fisher exact test-based gene set enrichment analysis was used. A cut-off threshold of FDR 0.05 was used to obtain significantly enriched pathways.
Statistical analyses
Statistical analyses were performed using GraphPad Prism 6.0 (GraphPad). The Student t test was used unless otherwise indicated. Results with a P < 0.05 were considered significant. Level of IAP member, BIRC6, is elevated in models showing acquired and primary enzalutamide resistance. A, The mRNA expressions of the IAP family members were determined in PDX models (LTL-313BR vs. LTL-313B) and LNCaP cell line-based xenografts models (enzalutamide-sensitive CRPC V16D vs. enzalutamideresistant MR42D and MR49F) by transcriptomic sequencing. MR42D and MR49F are enzalutamide-resistant sublines developed after in vivo exposure to enzalutamide of parental V16D xenografts, that is, showing acquired enzalutamide resistance. B, BIRC6 protein expression determined by IHC in LTL-313B and LTL-313BR xenografts. Scale bar, 10 mm. Magnification, Â400. IHC scores 0, 1, 2, and 3 refer to negative, weak, mild, and strong staining intensities, respectively. ENZ-R, enzalutamide resistant. 
% of Increase
Results
A patient-derived prostate cancer tissue xenograft model for studying the development of enzalutamide-resistant CRPC In search of a clinically relevant in vivo model for studying the development of enzalutamide-resistant CRPC, we tested a number of our transplantable, patient-derived prostate cancer tissue xenograft lines for enzalutamide sensitivity. Included were the LTL-313B line, a hormone-na€ ve prostatic adenocarcinoma PDX line, and its CRPC subline, LTL-313BR, developed from the LTL-313B line via host castration and propagation of recurrent tumors (Fig. 1A; ref. 21) . Groups of randomized mice, bearing tumors of these lines under the renal capsules, were treated for 4 weeks with enzalutamide (10 mg/kg) or vehicle. Whereas the growth of the LTL-313B parental line during the 4-week period was inhibited by enzalutamide (as compared with the control), the growth of the LTL-313BR CRPC subline was not (Fig. 1B) . As such, the enzalutamidesensitive, hormone-na€ ve LTL-313B line and its enzalutamideresistant, castration-resistant LTL-313BR subline provide a PDX model for studying the development of enzalutamide-resistant CRPC. It may be noted that the enzalutamide insensitivity of the LTL-313BR line did not result from preexposure to enzalutamide, indicating that this line harbors primary resistance to enzalutamide.
BIRC6 is the highest upregulated IAP in enzalutamide-resistant CRPC
A study in a role for IAPs in the development of enzalutamideresistant prostate cancer was initiated by determining their relative mRNA expressions in enzalutamide-sensitive versus enzalutamide-resistant xenografts. To this end, we used the enzalutamide-resistant LTL-313BR xenograft line, in combination with the enzalutamide-sensitive, hormone-na€ ve LTL-313B parent line, as a model for development of primary enzalutamide resistance. In addition, we used a model of acquired enzalutamide resistance consisting of xenografts of cultured enzalutamide-resistant, castration-resistant MR42D and MR49F prostate cancer cells versus enzalutamide-sensitive, castration-resistant LNCaP-V16D parental prostate cancer cells (24) . The relative mRNA levels in the xenografts of all IAP family members were determined by transcriptomic sequencing.
As shown in Fig. 2A , the transcript levels of cIAP1, cIAP2, XIAP, and BIRC6 were upregulated in the enzalutamide-resistant MR42D and MR49F CRPC cell-based xenografts relative to the parental enzalutamide-sensitive V16D line. However, transcripts in the enzalutamide-resistant LTL-313BR cancer tissue xenografts, relative to the enzalutamide-sensitive LTL-313B xenografts, were only elevated in the case of survivin, BIRC6, and marginally for XIAP; the BIRC6 protein upregulation in the LTL-313BR xenografts was confirmed by immunohistochemical analysis (Fig. 2B) . BIRC6 was among the top upregulated IAP members in both enzalutamide-resistant models. Taken together, the results suggest that BIRC6 may be functionally important in promoting enzalutamide resistance whether or not it is a primary or an acquired resistance.
BIRC6-targeting ASO suppresses growth of enzalutamideresistant CRPC in vitro and in vivo
The effect of targeting BIRC6 by ASO-6w2 on enzalutamideresistant CRPC growth was first examined in vitro using the enzalutamide-resistant cell line, MR49F (growing in vitro in the continuous presence of enzalutamide). The MR49F cell line expresses functional AR and PSA, thus resembling clinical enzalutamide-resistant cases; the MR42D line expresses AR but not PSA (24) . As shown in Fig. 3A , downregulation of BIRC6 by ASO-6w2 was confirmed by Western blotting and qRT-PCR (Supplementary Fig. S1 ). Treatment of MR49F cells with 100 nmol/L ASO-6w2 resulted in growth suppression, while treatment with 200 nmol/L ASO-6w2 led to marked growth suppression with loss of cells (Fig. 3A) . A significant growth-inhibitory effect was also observed in MR42D cultures ( Supplementary Fig. S2 ). On the other hand, silencing of XIAP by siRNA also resulted in significant reduction of MR49F cell replication at 96 hours after transfection ( Supplementary Fig. S3 ).
The anticancer activity of ASO-6w2 was then studied in vivo using the LTL-313BR patient-derived CRPC tissue xenograft line, as it has greater clinical relevance and precision in predicting patients' responses than cell line-based xenografts. Mice bearing LTL-313BR tumors under the renal capsules were treated with Scrb ASO or ASO-6w2 daily for 21 days, and tumors were harvested 1 week after the end of the treatment (Fig. 3B) . As shown in Fig. 3C , the treatment with ASO-6w2 led to marked inhibition of tumor growth, with a 37% reduction (P < 0.001) compared with the control group. As well, a substantially lower increase in serum PSA levels was observed, with a 39% reduction (P < 0.01; Fig. 3D ) in the ASO-6w2-treated group. Individual mice PSA levels before and after treatment are shown in Supplementary Fig. S4 . The antitumor effect of ASO-6w2 was associated with a significant increase in tumor apoptosis (Fig. 3E ), but no major host toxicity was observed ( Supplementary Fig. S5 ). Hoechst 33258 staining of tumors was performed and confirmed that the tumor cells assessed for cleaved caspase-3 IHC are of human origin ( Supplementary  Fig. S6 ). The inhibition of BIRC6 expression by ASO-6w2 in LTL-313BR xenografts was validated by IHC (Fig. 3F) . In addition, the amounts of serum PSA per unit tumor volume per mouse in Scrb-and 6w2-treated groups were examined. The two treatment groups do not show significant difference in PSA Figure 3 . BIRC6-targeting ASO-6w2 suppressed growth of enzalutamide-resistant LTL-313BR xenografts and induced apoptosis. A, BIRC6-targeting ASO (ASO-6w2) effectively suppressed proliferation of enzalutamide-resistant MR49F cells in vitro in a dose-dependent manner. Decreased BIRC6 protein expression after ASO-6w2 treatment was confirmed by Western blotting. B, In vivo therapeutic potential of ASO-6w2 was examined in the enzalutamide-resistant PDX model LTL-313BR. Groups of mice bearing LTL-313BR xenografts were treated with Scrb ASO or ASO-6w2 at 30 mg/kg on the first day, followed by 15 mg/kg for 20 days. Tumors were harvested and sera obtained for analysis 1 week after the end of the treatment. C, The ASO-6w2-treated group showed significantly smaller tumor volumes than the Scrb-treated group. D, The increase in average serum PSA levels of the ASO-6w2-treated mice was also significantly lower than that of the Scrb control. Whisker, median/mean AE interquartile range. E, Representative images of cells stained by IHC for cleaved caspase-3. The ASO-6w2-treated group showed a significant increase in apoptosis, with a 2-fold increase in the number of cleaved caspase-3-positive cells. The numbers of positively stained cells were quantified in 3 to 5 fields per sample (magnification, Â400). Scale bar, 50 mm. Error bars, mean AE SD. F, Suppression of BIRC6 expression by ASO-6w2 was confirmed by immunohistochemical staining. Scale bar, 10 mm. ENZ-R, enzalutamide resistant. production per unit tumor, indicating that there is no significant change in the differentiation status of ASO-6w2-treated tumors ( Supplementary Fig. S7 ). Taken together, the results show that ASO-6w2, as a single agent, can significantly inhibit the growth of enzalutamide-resistant CRPCs.
BIRC6 targeting suppresses prosurvival pathways that are upregulated in the enzalutamide-resistant LTL-313BR CRPC tissue xenograft model
In comparing the expressions of genes of the enzalutamidesensitive LTL-313B line with those of the enzalutamide-resistant LTL-313BR subline using RNA-seq, we noticed that in the LTL-313BR line, genes were upregulated in prosurvival pathways, that is, AR (AR pathway), IGFBP5 (IGF signaling) and BCL2, and TNFRSF11A and NRP1 (NFkB pathway). Using qRT-PCR, we determined whether the expression of these genes in LTL-313BR xenografts was affected by treatment with ASO6w2. As shown in Fig. 4 , the treatment with ASO-6w2 led to a downward trend in AR and NRP1 gene expression and to significant downregulations of TMPRSS2 (À44%, P < 0.01), IGFBP5 (À50%, P < 0.05), BCL2 (À64%, P < 0.05), and TNFRSF11A (À48%, P < 0.05).
Multiple pathways involved in ASO-6w2-induced growth inhibition of enzalutamide-resistant LTL-313BR xenografts
To investigate the pathways involved in the inhibitory effect of ASO-6w2 on LTL-313BR xenograft growth, differential gene expression profiling was performed. Genes (253) were selected from the top 1,000 significantly differentially expressed genes with fold changes >1.5. These genes were subjected to pathway enrichment analysis using MSigDB. As shown in Table 1 , G-protein-coupled receptor (GPCR) signaling and matrisome (extracellular matrix signaling) are among the top enriched canonical pathways. There was a general reduction in GPCR activation for ASO-6w2-treated tumors, including a reduction in the expression of F2R, an upstream regulator of oncogenic pathways (Supplementary Table S2 ). On the other hand, treatment with ASO-6w2 induced deregulation in matrisome (extracellular matrix or extracellular matrix-associated protein) pathways, collectively leading to reduced cell proliferation/ Results are presented as mRNA reads relative to those of the LTL-313B line from transcriptomic sequencing expression data shown in stripped histograms. The expression of these genes in LTL-313BR were shown to be reduced upon treatment with ASO-6w2, including significant downregulations of TMPRSS2, IGFBP5, BCL2, TNFRSF11A, and a reduced expression trend for AR and NRP1.
Relative mRNA expressions were determined by qRT-PCR; n ¼ 7 per group. Error bars, mean AE SD. ns, not significant. Table  S3 ). In addition, treatment with ASO-6w2 led to significant upregulation of (i) genes responding to external stimulus, stress, and wounding; and (ii) membrane transporter genes, including genes encoding transporters of cations, anions, amino acids, and water (Table 1) . Taken together, the data indicate that the antitumor activity of BIRC6-targeting ASO-6w2 involves the suppression of multiple pathways, including those mediating mitogenesis, cell proliferation, and tissue invasion.
migration, as well as increased apoptosis (Supplementary
Discussion
Enzalutamide is currently widely used in CRPC therapy. The development of enzalutamide resistance is therefore a major setback in the clinical management of late-stage prostate cancer and novel therapeutic targets, and more effective regimens are urgently needed (1, 2) . Using two distinct enzalutamide-resistant CRPC models, the current study has demonstrated that BIRC6, a member of the IAP family, plays a key prosurvival role in the development of enzalutamide resistance of CRPCs. Thus, BIRC6 expression was found to be elevated in enzalutamide-resistant CRPC cells relative to enzalutamide-sensitive parental cells (Fig.  2) , and importantly, enzalutamide-resistant CRPC cell proliferation and xenograft growth were markedly inhibited by specific, ASO-induced downregulation of BIRC6 (Fig. 3) . Furthermore, treatment of CRPC tumor-bearing mice with BIRC6-targeting ASO-6w2 did not lead to major host toxicity ( Supplementary  Fig. S5 ). Taken together, the results indicate that BIRC6 targeting is a promising new strategy for therapy of CRPCs harboring enzalutamide resistance. It is likely that the efficacy of BIRC6-targeting ASOs can be further enhanced by incorporating 2 0 -methoxyethyl modifications and constrained ethyl chemistry (Gen 2.5) in their backbone.
For the validation of BIRC6 as a potential therapeutic target for enzalutamide-resistant CRPC, the current study made use of the transplantable, enzalutamide-resistant LTL-313BR patientderived CRPC tissue xenograft line that was developed in our laboratory ( Fig. 1; ref. 21 ). Use of patient-derived cancer tissue xenograft lines, as distinct from cell line-based xenografts, is increasingly required in cancer research, as there is a widespread push for "high-fidelity" cancer models showing a closer link to the patients (30) . Use of PDX models instead of cell line-based models has also been advocated for studies of enzalutamide resistance (31) . So far, studies of enzalutamide resistance have employed cell line-based models (32) (33) (34) (35) , and to our knowledge, this is the first report using a PDX CRPC tissue model for studying enzalutamide-resistant CRPC. The enzalutamideresistant LTL-313BR line is AR positive, PSA positive, has a PTEN copy deletion, and contains the TMPRSS2-ERG fusion (21), characteristics which reflect major features of CRPCs in the clinic. The LTL-313BR line was derived from the hormonena€ ve LTL-313B line by castration of LTL-313B tumor-bearing NSG mice and propagation of tumors recurring after relapse of the LTL-313B tumors (21) . The LTL-313BR line shows high resistance to bicalutamide (unpublished data), anti-AR antisense oligonucleotides (23) , as well as primary resistance to enzalutamide. These features resemble those of a subset of CRPCs showing high, primary enzalutamide resistance. Thus, as observed in a recent enzalutamide phase II trial, 37% of patients in a 60-patient bone mCRPC cohort exhibited primary enzalutamide resistance (2) . The finding that ASO-6w2 as a single agent markedly inhibited LTL-313BR xenograft growth (Fig. 3C) suggests that BIRC6 is a promising therapeutic target for CRPC patients showing primary enzalutamide resistance. Furthermore, the growth-inhibitory effect of ASO-6w2 was also observed in the case of acquired enzalutamide resistance exhibited by MR49F cells (Fig. 3A) . This suggests that BIRC6 plays a fundamental role in promoting the survival of enzalutamideresistant CRPCs, showing either primary or acquired enzalutamide resistance.
Treatment of LTL-313BR xenografts with ASO-6w2 led to gene expression alterations in diverse biological signaling pathways. As indicated by pathway enrichment analysis, GPCR signaling at the plasma membrane and matrisome signaling at the extracellular matrix were the major pathways that were deregulated by treatment with ASO-6w2 (Table 1) . Their deregulation would collectively lead to the suppression of cancer cell proliferation. It is of particular interest that the treatment with ASO-6w2 led to inhibition of F2R and PDGFC genes, which encode proteins of the plasma membrane and extracellular matrix (Supplementary  Tables S2 and S3 ). Inhibition of the expression of these genes can be expected to lead to effective blockage of downstream activities of PI3K, MAPK, JNK, and multiple kinase cascades and reduction of potential cross-talks of pathways. This would lead to growth inhibition. As the PI3K/Akt pathway is a prominent ARindependent pathway promoting resistance to androgen deprivation and anti-AR treatment (36, 37) , ASO-6w2 may be effective in suppressing the growth of enzalutamide-resistant cancers driven by this pathway. Furthermore, treatment with ASO-6w2 resulted in the downregulation of prosurvival genes that showed elevated expression in the LTL-313BR xenograft line (Fig. 4) . As ASO-6w2 was found to impede NFkB transactivation (22) , it may inhibit AR signaling via suppression of NFkB (38) . It is not clear how BIRC6 targeting can induce the above gene expression changes. One could speculate that BIRC6 protein may regulate the expression of relevant transcription factors and/or their upstream regulators with its chimeric E2/E3 UBC domain. Also, BIRC6 may, in a non-IAP function, facilitate interaction of certain regulatory proteins by acting as a scaffold structure (39); downregulation of BIRC6 would then lead to disruption of that interaction and changes in the expression of genes. Further mechanistic studies are needed to elucidate how BIRC6 targeting can lead to growth inhibition of enzalutamide-resistant CRPCs.
Using the transplantable LTL-313BR xenograft line, a first PDX cancer tissue model for enzalutamide-resistant CRPCs, we have shown that BIRC6 plays an important prosurvival role in CRPCs exhibiting enzalutamide resistance and that growth of enzalutamide-resistant CRPCs can be inhibited by downregulation of BIRC6 without inducing major host toxicity. BIRC6 targeting may hence represent a new option for the clinical treatment of advanced, enzalutamide-resistant prostate cancer. 
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